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Recombinant DNA technology i s  now central t o  our e f fo r t s  t o  
understand the complex genetic behavior o f  retroviruses.  I will 
discuss several areas o f  recent research which i l l  us t ra tes  the 
powers of t h i s  methodology t o  explore' gene regulation and onco- 
genesis by these agents. 

(1) Structure,of proviral DNA. We have cloned and sequenced DNA 
fragments containing host-viral junctions from ce l l s  bearing inte- 
grated DNA of Rous sarcoma virus (RSV) (1)  or mouse Mammary tumor 
virus (MMTV) ( 2 ) .  Proviruses appear t o  be s t ruc tura l ly  similar t o  
transposable elements of bacteria , yeast ,  and Drosophila. An in ter-  
nal  region, coding for one o r  a few genes, i s  flanked by long 
terminal d i rec t  repeats ( L T R s )  which conclude w i t h  short inverted 
repeats; the en t i r e  provirus i s  flanked by a short d i rec t  repeat 
generated by duplication o f  a ce l lu l a r  sequence present once a t  
the integration s i t e .  Integration can occur a t  many s i t e s ,  perhaps 
a t  random, i n  the host genome, b u t  specif ic  s i t e s  i n  v i r a l  DNA,  
two nucleotides from the predicted ends of unintegrated l inear  D N A ,  
a re  invariably joined t o  ce l lu l a r  DNA. 

(2)  Insertional mutagenesis. Since proviruses can enter many 
s i t e s  i n  hos t  genomes, they should ac t  a s  mutagens by insertion 
w i t h i n  genetic units. We have tes ted t h i s  presumption by using 
murine leukemia virus ( M L V ) ,  a nontransforming retrovirus ,  as a 
mutagen i n  r a t  c e l l s  transformed by a s ingle  RSV provirus ( 3 ) .  Two 
insertion mutants were isolated as morphological rever tants ,  b o t h  
bearing MLV proviruses i n  a region of the RSV provirus which l i e s  
between the probable promoter o f  RNA synthesis i n  the LTR and the 
gene ( s r c )  - responsible for transformation. I n  this posit ion,  the 
MLV proviruses in te r fe re  w i t h  the synthesis and/or processing o f  
RSV s rc  mRNA. 

(3)Proviral excision. In one of the two insertion mutants de- 
scribed i n  the precedi37j- paragraph  the MLV proviral "mutagen" i s  
excised a t  low frequency by recombination between . i t s  LTR's, reac- 
t i v a t i n g  expression of - s rc  and leaving behind one copy of an LTR 
( 3 ) .  . .  

( 4 )  Integration a s  a determinant o f  oncogenesis. Bursal (B-cell) 
1vmDhomas induced in chickens by  avian leukosis virus ( A L V ) ,  a v i -  
As' lacking a transfarming gene", frequently contain a single new 
ALV provirus w i t h  s t ructural  defects preventing expression of v i -  
ral genes ( 4 ) .  However, the ALV proviruses in d i f fe ren t  tumors a re  
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found i n  a common region (4,5) shown to include the ce l lu l a r  pro- 
genitor (c-=) of the transforming gene of the myelocytomatosis- 
29 virus (v-m-yc) (6 ) .  The inser t ion of  ALV DNA in the v ic in i ty  o f  
C-myc enhancesthe expression of this gene, e i ther  by the "promoter 
insertion" mechanism favored by Hayward e t  a1 (5,6) or other mech- 
anism suggested by proviruses p o s i t i o n e d o n t h e  3 '  side o f  c - ~  
or i n  the opposite transcriptional orientation on the 5 '  s ide of 
c-myc ( 7 ) .  Tumors induced by the mouse mammary tumor virus ( M M T V ) ,  
another retrovirus 1 acking a transforming gene, a1 so .exhi b i t  pro- 
viruses a t  a preferred s i t e ,  b u t  no oncogene has yet been ident i f ied 
a t  tha t  s i t e .  

(5)  - Retroviruses a s  transducing agents. The transforming genes of 
RNA tumor viruses a re  closely related t o  normal ce l lu la r  genes be- 
lieved to  be the i r  progenitors (8) .  We have isolated chicken ce l l  
DNA encompassing c-src - from a l ib rary  o f  recombinant lambda phage 
and found the gene t o  be interrupted by sequences, presumably 
introns,  not present i n  v i ra l  -- s r c  (9). 

(6 )  Retroviral qenes and the biochemical basis o f  mutation. We 
have isolated and characterized over t h i r t y  - s r c  mutants i n  a r a t  
ce l l  l i n e  transformed by a s ingle  RSV provirus (10). Wild type, mu- 
t a n t ,  and back mutan t  genes have been cloned in procaryotic vectors 
t o  establish the sequence a l te ra t ion  which a f f ec t  the phenotype i n  
a few interest ing cases; i n  one case, a +1 frameshift m u t a t i o n  re- 
veals a second functional AUG w i t h i n  _I s rc .  

( 7 )  Retroviruses as eukaryotic vectors. The LTRs o f  retroviruses 
appear t o  regulate a n d  i n i t i a t e  t ranscr ipt ion of viral  genes; hence 
linkage of genes t o  LTRs i n  v i t r o  may expedite expression i n  eu- 
karyotic c e l l s .  We have l Z k e d R s  of RSV and MMTV t o  the thymi- 
dine kinase ( t k )  gene of herpes simplex virus and introduced them 
into t k -  c e l l s  by microinjection or DNA transformation. In t h i s  
way, we have demonstrated the promoter function o f  LTRs, defined 
the region o f  the MMTV LTR which responds t o  s teroid hormones, a n d  
identified an LTR function which enhances expression from 1 inked 
heterologous promoters. We found no evidence, however, o f  preferen- 
t i a l  integration a t  sequences w i t h i n  the LTR under these experiment- 
a l  conditions. 
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